Level shifts between mirror nuclei around 16 O are investigated from a phenomenological viewpoint. It is pointed out that, in order to account for recent data on proton-rich nuclei, we need reduction of the residual nuclear interaction for the loosely bound s-orbit by about 30%. This reduction occurs due to the broad radial distribution of the proton wave function occupying the loosely bound (or unbound) s-orbit. This mechanism is qualitatively examined by the WS+M3Y model.
Structures of proton-rich nuclei are important for the rapid-proton (rp) process, which takes place in the hydrogen burning stage in stellar site. Since the strong interaction keeps the charge symmetry very well and the Coulomb energies are almost state-independent in a nuclide, energy spectra are quite analogous between mirror nuclei. Hence we usually estimate the level structures of Z > N exotic nuclei from their mirror partners. However, for example, the excitation energies of the 1/2 + first excited states in 13 C and 13 N show large discrepancy, which is called Thomas-Ehrman shift (TES) [1, 2] . The TES may have a significant influence on the scenario of the rp process, and it is highly desired to predict the TES correctly.
Recent experiments provide us with valuable information of energy levels of Z > N nuclei around 16 O. The TES has conventionally been regarded as an effect of the Coulomb force on a loosely bound or unbound proton occupying an s-orbit. With the aid of the recent data, it is being possible to argue whether this mechanism is enough to account for the TES in various mirror nuclei. In this paper we investigate the TES in A ∼ 16 nuclei from a phenomenological viewpoint, primarily focusing on effects of the residual nuclear interaction (RNI) on the TES, via the data of the 16 N-16 F, 15 C-15 F and 16 C-16 Ne mirror pairs. We shall take the (0p 1/2 ) −n 1 ⊗ (0d 5/2 1s 1/2 ) n 2 model space on top of the 16 O inert core. For neutron-rich nuclei with Z ≤ 8 ≤ N, n 1 = 8 − Z and n 2 = N − 8, and vice versa for their mirror partners. The single-particle (hole) energies are determined from the data of 17 O and 17 F ( 15 N and 15 O) [3] . Taking into account their mass differences from
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is a typical TES. Because the proton in the 1s 1/2 orbit is loosely bound and free from the influence of the centrifugal barrier, its wave function spreads in a radial direction (like halo or skin structure), leading to weaker Coulomb repulsion than that of 0d 5/2 . This difference in the Coulomb energy gives rise to the TES for such a core plus one-particle system [1] . The mechanism how the difference of ∆ǫ
occurs has recently been investigated in some detail in Ref. [5] .
The observed energy spectra of 16 N and 16 F, the T z = ±1 mirror nuclei, show a remarkable difference [3] We can derive the matrix elements of the residual proton-neutron interaction between the 0p 1/2 hole and the s, d particle, assuming the ǫ's of Eqs. (1, 2) , from the experimental spectra of 16 N and 16 F. The results are presented in Table I . We hereafter denote the diagonal matrix n . Moreover, the difference between V np and V pn is irrelevant to the charge symmetry breaking. The reduction of V np relative to V pn must originate in the difference of the single-particle radial wave functions between a proton and a neutron. Because of the lack of the centrifugal barrier, the radial function of the s-orbit depends appreciably on the separation energy. Since the proton 1s 1/2 orbit is loosely bound in the proton-rich nuclei of this mass region, the 1s 1/2 proton wave function R 1s 1/2 (r p ) distributes with a long tail and has depressed amplitude inside the nuclear potential produced by the core, in comparison with R 1s 1/2 (r n ). Therefore nuclear force is expected to give smaller matrix elements if loosely bound or unbound protons are involved. We shall come back to this point later. It is noted that the residual interaction relevant to the low-lying levels is repulsive in 16 N-16 F, because of the particle-hole conjugation. Levels involving a 1s 1/2 proton tend to have lower excitation energies than their mirror partners in general, due to the small ∆ǫ
n . If the RNI is attractive, its reduction tends to compensate with this ∆ǫ effect, in terms of the TES. On the other hand, in the 16 N-16 F pair the reduction of the repulsive RNI further lowers the levels involving (1s 1/2 ) p , relative to those having (0d 5/2 ) p . Thus the TES is enhanced in this pair of mirror nuclei.
By using the empirical ǫ's of Eqs. (1,2) and the V 's of Table I , we calculate energies of the low-lying levels 5/2 + and 1/2 + of 15 C and 15 F (T z = ±3/2) within the framework of the shell model. The calculated energy levels are shown in Fig. 1 together with the experimental data [3] . The level inversion occurs; the 1/2 + states, instead of 5/2 + , become lowest for both nuclei. This inversion is reproduced by the shell model, due to the repulsion shown in Table I 1/2 part does not contribute to the excitation energy, the TES can disclose difference between proton-proton (V pp ) and neutron-neutron (V nn ) interactions in the sdshell. As an effective interaction in the sd-shell, the so-called USD interaction [6] is widely used. Although the USD interaction is derived for the full sd-shell calculation, we neglect the 0d 3/2 components, since the 0d 3/2 orbit is hardly occupied in low-lying states of nuclei around 16 O. Indeed, we can reproduce the low-lying levels of 18 O quite well with the USD interaction in the present model space.
The Table I ) as well as of the USD matrix elements. In computing the binding energy of 16 Ne, the residual two-body Coulomb interaction has to be estimated. With the single-particle wave functions in the Woods-Saxon potential which will be mentioned later, the two-body Coulomb force yields approximately constant energy shift of about 0.4 MeV for low-lying levels, within the accuracy of 0. ; J), and so forth). It is notable that this factor is close to the proton-neutron ratio V np /V pn concerning (1s 1/2 ) p in Table I . The reduction by 30% is remarkable in comparison with the global trends of the V pp -V nn difference [7] .
Recently E x (0 + 2 ) of 16 Ne has been reported [8] , indicating a large TES. E x (0 + 2 ) of 16 Ne is lower by about 1 MeV than that of 16 C. In Fig. 2 the results of the ξ s = 1 (i.e. no reduction of the RNI) and ξ s = 0.7 cases are compared with the experimental data. If we use the charge-symmetric USD interaction (i.e. ξ s = 1), E x (0 [11] . We next study the origin of the RNI reduction concerning the proton 1s 1/2 orbit, from a qualitative (or semi-quantitative) standpoint. As pointed out before, it is likely that this reduction is connected to the broad distribution of R 1s 1/2 (r p ). The amount of the reduction, however, is notably large, compared with the global charge asymmetry in the RNI, which has been estimated to be a few percent [7] . It is a question whether R 1s 1/2 (r p ) distributes so broadly as to give RNI reduction by about 30%, despite the presence of the Coulomb barrier. We here evaluate the matrix elements of the M3Y force [13] , which basically represents the G-matrix, with the single-particle wave functions under the Woods-Saxon (WS) [14] plus Coulomb potential. We adopt the WS parameters of Ref. [14] at 16 O, varying the WS potential depth V 0 around the normal value −51 MeV. The shell model interaction should include core polarization effects, which are not taken into consideration in this WS+M3Y calculation. Therefore the present matrix elements should not be compared directly with the shell model interaction (for instance, Table I ). Still they will be useful to discuss qualitative nature of the RNI.
The WS potential with V 0 = −53 gives (in MeV)
As the potential becomes shallower, the single-particle orbits are bound more loosely. Indeed, at V 0 = −51 we have
and at V 0 = −49
Whereas the wave function is insensitive to ǫ for the deeply bound orbits, it is not the case for the loosely bound orbit (1s 1/2 ) p . The variation of the wave function is typically measured by the mean radius of the orbit r ρ (j) ≡ (j) ρ |r 2 |(j) ρ (ρ = p, n), It will be seen, by varying the WS parameter V 0 , how the RNI as well as r ρ (j) behave as ǫ changes. For the M3Y matrix elements, the proton-neutron ratios V np /V pn with respect to the (0p 1/2 ) −1 ⊗ (0d 5/2 1s 1/2 ) 1 two-body states and V pp /V nn with respect to the (0d 5/2 1s 1/2 ) 2 states are depicted in Fig. 3 . Though the ratios of the off-diagonal elements (1s are not shown, they behave in a similar manner to those of diagonal elements involving 1s 1/2 . The proton-neutron ratios of the rms radii of the single-particle orbits are also presented in Fig. 3 for j = 0d 5/2 and 1s 1/2 . As is expected, R 1s 1/2 (r p ) distributes over a broader region than R 1s 1/2 (r n ), to a certain extent. In Fig. 3 , the rms radius of (1s 1/2 ) p is larger by about 10-20% than that of (1s 1/2 ) n , somewhat depending on V 0 . In contrast, the rms radius of (0d 5/2 ) p differ only by a few percent from that of (0d 5/2 ) n , insensitive to V 0 . From Fig. 3 we confirm the following two points: (a) the RNI reduction well correlates to the increase of the rms radii of the relevant orbits, and (b) the matrix elements involving (1s 1/2 ) p can be reduced from those of (1s 1/2 ) n by as much as a few tens percent around 16 O. The former point is consistent with Ref. [15] , though we use more realistic single-particle wave functions (but less realistic G-matrix) than in Ref. [15] . The latter suggests that the RNI reduction by about 30% is reasonable and will be accounted for by the broad distribution of R 1s 1/2 (r p ), though it may not be an easy task to obtain accurate value of the reduction factor from a microscopic standpoint. Although there remain additional interests in the RNI reduction (e.g. accurate estimate of the reduction factor, nucleus-and/or state-dependence of the reduction factor), they will require reliable treatment of the core polarization effects, which is beyond the scope of the current study. We just point out at this moment that, due to the broad distribution of the single-particle wave function, the core polarization effects tend to diminish [15] and therefore the shell model interaction may be reduced further. Note that the residual Coulomb force hardly contributes to the excitation energies of low-lying states, for the nuclei around 16 O. The correction to the TES due to the residual Coulomb force is less than 0.1 MeV, if estimated with the above WS wave functions.
In summary, Thomas-Ehrman shifts in the A ∼ 16 region generally occur for a protonrich nuclei, in which the 1s 1/2 proton is unbound or loosely bound. As well as the difference between ∆ǫ TABLES   TABLE I . Matrix elements of residual proton-neutron interaction V pn (j 1 j 2 ; J) and V np (j 1 j 2 ; J) deduced from 16 N and 16 F (MeV), and their ratio. 
